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A B S T R A C T

This study integrates computational fluid dynamics (CFD) modeling with previously obtained experimental data 
to investigate the CO2 absorption process using hollow fiber membrane contactors (HFMCs) and ionic liquids 
(ILs). Two types of HFMCs, polysulfone (PS) and polypropylene (PP), were tested in combination with two ILs: 
[emim][Ac] and [emim][EtSO4]. The CFD models, developed using COMSOL Multiphysics, were validated 
against laboratory-scale experimental data. A strong correlation between the experimental and simulated results 
was observed, as indicated by high R2 values (0.9208 to 0.9844) and low RMSE values (1.4657 to 2.1479), 
confirming the model's accuracy in representing the actual process. Among the ILs studied, [emim][Ac] showed 
superior CO2 absorption efficiency due to its higher CO2 solubility compared to [emim][EtSO4]. Velocity and 
concentration profiles of both gas and liquid phases were determined, showcasing the ability of CFD modeling to 
predict key process parameters across the system geometry. Sensitivity analyses identified the optimal absorption 
temperature, membrane length, and gas velocity to achieve CO2 absorption efficiency exceeding 90 %. Results 
showed that increasing the absorption temperature and membrane length significantly enhances the process 
performance. Additionally, incorporating shell baffles improved absorption efficiency by approximately 5 %, 
though it resulted in a notable increase in liquid pressure drop across the shell.

1. Introduction

The continuing rise in greenhouse gas (GHG) emissions from human 
activities has significantly intensified global warming [1]. Carbon di
oxide (CO2) emissions account for approximately 60% of the total 
impact on global warming, with 86% of those emissions coming from 
anthropogenic sources [2]. One of the key solutions for reducing the 
amount of CO2 emissions into the atmosphere is carbon capture, utili
zation, and storage (CCUS) [3,4]. Among all carbon capture methods, 
post-combination technologies are the most viable to be implemented, 
as CO2 separation occurs after the combustion of fuels (such as fossil 
fuels or biomass). Chemical absorption using alkanolamines, such as 
monoethanolamine (MEA), is the most commonly employed gas-liquid 
absorption process in industrial applications [5], primarily due to its 
rapid absorption rate and high CO2 capture efficiency.

However, the use of MEA as a liquid solvent comes with a series of 
disadvantages. Those include high energy consumption for thermal 

regeneration, the MEA is also subjected to oxidation with various 
chemicals (i.e., O2 and SO2), increased viscosity at higher concentra
tions, and a high corrosion potential [6,7]. These limitations can be 
mitigated by mixing the MEA with various substances, such as ionic 
liquids (IL) or glycerol. These blends can reduce the volatility of MEA, 
increase the solubility of CO2, and reduce the corrosion potential and 
high energy requirements for solvent regeneration [8].

Conventionally, post-combustion absorption of CO2 is carried out in 
packed-bed columns [9]. These systems face various operational chal
lenges, such as channeling, foaming, entraining, flooding, poor heat 
transfer, and significant pressure drops [10,11]. To address these issues, 
hollow fiber membrane contactors (HFMCs) offer a promising alterna
tive for CO2 capture [12]. This technology provides a series of advan
tages over the conventional one, such as: i) the mass transfer area is 
significantly increased by the large number of membranes; ii) some of 
the operation problems (i.e., foaming, flooding, channeling, and 
entraining) are avoided due to the separation of the two phases; iii) 
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simpler scale up, due to the high modularity of the membranes; iv) 
reduced loss of solvent due to evaporation and entraining effect, 
resulting in a more environmental friendly process; v) lower investment 
and operational costs; vi) low solvent hold-up, advantages when using 
high expensive solvents [13–18].

However, HFMCs also present challenges, including: i) additional 
resistance to CO2 mass transfer due to the membrane; ii) limited mem
brane lifetime, requiring periodic replacement; iii) potential wetting of 
the membranes, which reduces process efficiency over time; iv) diffi
culties in producing small-diameter membranes [15,16,19]. ILs have 
emerged as alternative solvents in HFMC systems, addressing the limi
tations of conventional packed-bed columns and MEA absorbent 
solution.

ILs, primarily salts composed of asymmetric organic cations and 
organic or inorganic anions [11] are broadly categorized into: (i) room- 
temperature ILs (RTILs) and (ii) task-specific ILs (TSILs). The key dif
ference between these two groups in CO2 capture lies in the nature of the 
CO2-IL interaction. RTILs primarily exhibit physical absorption, while 
TSILs facilitate both physico and chemical interactions, enhancing CO2 
loading capacity. However, TSILs often face challenges during regen
eration, as breaking the chemical bonds between CO2 and the IL requires 
significant energy [20,21].

The main characteristics of ILs are their low volatility, thermal sta
bility, and flexibility in formulation and manufacturing, which give 
them advantages over other absorbents [22,23]. However, some draw
backs of most ILs include their high cost and viscosity. Increased vis
cosity can reduce the diffusion rate of CO2 in the IL, which diminishes 
mass transfer and complicates their use as absorbents in capture pro
cesses [24]. To avoid the complex procedures involved in calculating IL 
properties due to their flexible design, advanced computer modeling and 
molecular simulation programs are often used to estimate physico- 
chemical properties such as CO2 solubility in ILs [25,26].

Currently, two main trends have emerged in the evaluation of the 
desorption process using vacuum-assisted membrane technology and 
ILs: (i) the study of membrane-IL compatibility, as reported by Bazhenov 
et al. [27] and Mulukutla et al. [28], and (ii) the analysis, modeling, and 
simulation of the process, addressed in recent works by, Simons et al. 
[24], Lu et al. [29], and Vadillo et al. [30].

It is also noteworthy that different classes of solvents, such as amine- 
based solvents, IL-based solvents, amino acid-based ILs, and deep 
eutectic solvents (DES) can be effectively employed in HFMCs for CO2 
capture.

For instance, Xia et al. developed a two-dimensional, steady-state, 
non-wetting model for CO2 absorption in HFMCs using aqueous 
ammonia, MEA, and diethanolamine (DEA). Their results showed that 
aqueous ammonia achieved CO2 removal efficiencies above 95%, out
performing MEA and DEA when the CO2 volume fraction exceeded 19% 
[18]. Similarly, Zhang et al. demonstrated that MEA-based systems in 
HFMCs could reach absorption efficiencies up to 90% at optimal MEA 
concentrations. For a gas stream containing 10% CO2, removal effi
ciencies ranged from 85% to 90% [31].

Regarding IL-based solvents, Qazi et al. investigated the performance 
of [emim][OAc], [emim][EtSO₄], and [emim][MeSO₄] in HFMCs. Their 
findings indicated that [emim][OAc] delivered the highest CO2 ab
sorption efficiency, achieving a mass transfer coefficient of 7.6 × 10− 6 

m/s and removal efficiencies exceeding 90% under optimal conditions. 
These results highlighted the critical influence of IL solubility and vis
cosity on CO2 capture performance [30].

In the category of amino acid-based ILs, Jafari et al. assessed choli
nium lysinate ([Cho][Lys]) for CO2 absorption in HFMCs, achieving an 
efficiency of 85% under optimized conditions. The high performance 
was attributed to the IL's polar nature and strong interactions with CO2 
molecule [32].

Finally, Zhang et al. explored the use of reline—a deep eutectic 
solvent—for CO2 capture in HFMCs. They reported a removal efficiency 
of 96.9% from a gas mixture containing 50 mol% CO2 and 50 mol% N2 at 

a feed pressure of 4 bar, along with a flux of 67.43 mmol/(m2h), 
demonstrating the high potential of DES-based systems for efficient CO2 
separation [33].

Despite progress in the modeling of membrane-based gas absorption, 
there remains a lack of detailed 3D CFD studies that are both experi
mentally validated and capable of capturing the complex flow and mass 
transfer behavior of IL systems at different temperatures in HFMCs. In 
this work, we investigate CO2 absorption using two ILs (i.e., 1-Ethyl-3- 
methylimidazolium acetate ([emim][Ac]) and 1-Ethyl-3-methylimida
zolium ethylsulfate ([emim][EtSO4]), in two types of HFMCs (i.e., pol
ysulfone (PS) and polypropylene (PP)). An integrated approach 
combining innovative 3D computational fluid dynamics modeling with 
previously obtained experimental data is employed in this study. 
Experimental data validate the mathematical models, which are then 
used to analyze velocity and concentration profiles in the gas and liquid 
phases. Sensitivity analyses assess the effects of membrane characteris
tics (e.g., length) and fluid velocities on absorption efficiency. Finally, 
the performance of conventional HFMC design is compared with alter
native configurations featuring distinct shell baffle geometries in order 
to increase the absorption efficiency. The comparison between the 
modeling and simulation results presented in this study is highly 
promising, demonstrating that high CO2 absorption efficiencies can be 
achieved under various operating conditions.

2. Methodology

2.1. Materials

Carbon dioxide (99.7 ± 0.01 vol%) and pure nitrogen (99.999 ±
0.001 vol%) were purchased from Air Liquide (Spain). The gas stream 
used in the experiments consisted of 15% carbon dioxide and 85% ni
trogen. The ILs were supplied by Sigma Aldrich. 1-Ethyl-3-methylimida
zolium ethylsulfate [emim][EtSO4] (⩾95%) was selected as the 
absorption liquid due to its low viscosity, low toxicity, and cost- 
effectiveness. In contrast, 1-Ethyl-3-methylimidazolium acetate 
[emim][Ac] (⩾90%) was chosen for its high CO2 solubility. The PP 
HFMC was supplied by Liquicel-Membrane Contactors (USA), while the 
PS HFMC was provided by VWR International Eurolab, S.L. (Spain). 
Their key characteristics are summarized in Table 1.

The operating conditions for the HFMCs used in the absorption 
process are summarized in Table 2, where the temperature and gas 
composition were selected based on typical values observed in post- 
combustion processes, while the flow rates were chosen according to 
the recommended operating conditions provided by the manufacturers 
of PP and PS HFMCs.

2.2. Methods

The experimental setup is illustrated in Fig. 1. The feed gas mixture 
was regulated by a mass flow controller (Brook Instrument MFC 5850, 
Emerson Process Management, Spain). The gas stream passed through 
the interior of the hollow fibers, while liquid absorbent was circulated 
counter-currently in a closed loop through the shell side. This configu
ration was chosen for its superior absorption efficiency compared to the 

Table 1 
Characteristics of PP and PS HFMC [34,35].

Parameter Unit PP PS

Fiber o.d. (do) m 3⋅10− 4 1.3⋅10− 3

Fiber i.d. (di) m 2.2⋅10− 4 7.0⋅10− 4

Fiber length (L) m 0.115 0.347
Number of fibers (n) – 2300 400
Shell diameter (Ds) m 2.5 × 10− 2 4.5 × 10− 2

Porosity (εmem) % 40 43
Packing factor (φmem) – 0.39 0.43
Tortuosity (τmem = 1/εmem) – 2.50 2.33
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reverse arrangement (i.e., liquid inside the tubes and gas in the shell) 
[36]. HFMC acted as a physical barrier between the phases, enabling 
CO2 to diffuse from the gas mixture into the IL through the membrane's 
permeable pores. The ILs were pumped from a storage tank, with liquid 
flow (50 mL/min) controlled by a digital gear pump (Cole Parmer In
strument Company, Hucoa-Erloss SA, Spain). Heating tapes were used to 
maintain isothermal conditions around the pipes.

Experiments were conducted at temperatures of 291 K, 298 K, 318 K, 

333 K, and 348 K for each IL. Each experiment was repeated three times 
under identical conditions, and the average values were calculated.

The gas flow rate was maintained at 70 mL/min. The CO2 concen
tration in the outlet gas stream was continuously monitored using a non- 
dispersive infrared (NDIR) spectroscopy analyzer (Emerson Process). 
Before analysis, the gas sample was diluted with additional N2 to 
maintain the required concentration range for the NDIR analyzer 
(minimum flow of 200 mL/min). Steady-state conditions were achieved 
when the CO2 concentration in the outlet gas stream remained constant.

3. Mathematical model approach

The 3D CFD models for CO2 capture using ILs were developed and 
implemented in COMSOL Multiphysics. Based on the HFMCs charac
teristics presented in Table 1, the geometry of the PS HFMC is illustrated 
in Fig. 2. The PS HFMC comprises 400 hollow fibers distributed sym
metrically within a shell compartment with an internal diameter of 4.5 
cm. The system is divided into three regions: i) tubes (i.e., the space 
inside the membranes where the gas mixture flows), ii) polymeric 
membranes, and iii) shell (i.e., the space between the membranes where 
the liquid absorbent flows). CO2 is absorbed from the gas phase through 
the membrane pores into the liquid solution, where it reacts with the IL, 
as depicted in Fig. 2. To optimize computational efficiency, the sym
metry of the system was leveraged. Thus, only half of the geometry, 
shown in purple in Fig. 2, was simulated. This approach significantly 
reduced simulation time and computational demands while preserving 
the representativeness of the HFMC module. A similar modeling method 
was applied to the PP HFMC module.

The 3D CFD models for CO2 absorption in ILs were implemented in 
COMSOL Multiphysics 6.2, using the finite element method (FEM) to 
solve the governing partial differential equations (PDEs). The accuracy 
of simulation results depends heavily on the discretization system 
(mesh). The mesh for the PS HFMC module is presented in Fig. 3. The 
geometry was divided into three sections, with a different mesh applied 
for each of them. Sections 1 and 3 are identical, except that the shell 
inlet/outlet are on opposite sides. The section planes (i.e., Plane 1, Plane 
2, Plane 3, and Plane 4) that divide the three sections have a unified 
mesh, shown in the upper right of Fig. 3. This is a triangular mesh with a 

Table 2 
Operating conditions of the absorption process.

Parameter Unit Value

Gas flow rate (Fg) mL/min 70
Liquid flow rate (Fl) mL/min 50
Absorption pressure (P) atm 1
Temperature (T) K 290–350
Gas composition vol% CO2 15

vol% N2 85

Fig. 1. Experimental set-up for laboratory-scale CO2 capture system.

Fig. 2. Hollow-fiber PS membrane contactor geometry. (For interpretation of the references to color in this figure, the reader is referred to the web version of 
this article.)
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higher density of elements inside and around the membranes. The total 
number of mesh elements on a section plane is 183,812.

The geometry in Section 2 has been sliced into 125 equal pieces, each 
slice having a consistent mesh with that of Planes 2 and 3, with a total 
number of elements of 22,976,500. Due to the presence of an inlet/ 
outlet shell connection, a different mesh was implemented for Sections 1 
and 3. As shown at the bottom of Fig. 3, a tetrahedral distribution of the 
mesh is used. A higher mesh quality was considered for the membranes 
and the gas-liquid interface (outside of the membranes, at contact with 
the liquid in the shell). For the discretization of Sections 1 and 3, a 
number of 113,564,026 elements were required for each section (e.g., 
shell: 35,264,069, membranes: 55,347,184, and tubes: 22,952,773). The 
total number of elements for the implemented geometry is 250,104,552. 
The mesh used in the model was refined iteratively by gradually 
increasing the mesh quality until mesh convergence was achieved, as 
presented in the mesh convergence plot (Fig. 4), where the variation of 
steady state absorption efficiency at different number of mesh elements 

is presented. This ensured that the model produced results independent 
of further mesh adjustments.

The simulations were performed on a computer with a 64-bit oper
ating system, two Intel(R) Xeon(R) Platinum 8168 CPUs running at 2.70 
GHz, and 512 GB of DDR4 RAM at 2666 MHz.

The developed 3D mathematical models are implemented in dy
namic conditions. The governing equations account for the conservation 
of momentum, mass, species concentrations, and temperature variations 
across the tubes, membranes, and shell regions.

3.1. Mass and momentum conservation equations

The conservation of mass for both phases is ensured by the following 
continuity equation: 

∂ρi

∂t
+∇⋅(ρui) = 0 (1) 

Fig. 3. Mesh employed for the PS HFMC module.
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The conservation of momentum for the two phases (i.e., gas and 
liquid) is implemented by the Navier-Stokes equation: 

ρi
∂ui

∂t
+ ρ(ui⋅∇)ui = ∇⋅( − ρiI+ τi) (2) 

The viscous stress tensor (τi) is calculated with: 

τi = μi
(
∇ui +(∇ui)

T )
−

2
3

μi(∇⋅ui)I (3) 

3.2. Tubes governing equations

The gas mixture flows in the tubes, where mass transfer occurs via 
convection and diffusion under isotropic conditions, with no chemical 
reactions. Gas-phase concentration changes are described by Eq. (4). 

∂cj

dt
+∇⋅

(
− Dj∇cj

)
+ u⋅∇cj = 0 (4) 

Heat transfer in the tubes (Eq. (5)) is influenced by convection, 
conduction, and heat exchange from the liquid phase, where the 
exothermic absorption in [emim][Ac] and [emim][EtSO4] occurs [37]. 

ρCp
∂T
dt

+ ρCpu⋅∇T+∇⋅( − λ∇T) = Qtransfer (5) 

3.3. Membranes governing equations

Species diffusion through membrane pores is characterized by an 
effective diffusion coefficient, accounting for porosity and tortuosity: 

εmem
∂cj

dt
+∇⋅

(

−
εmem

τmem
Dj∇cj

)

+ u⋅∇cj = 0 (6) 

Due to the membrane's small thickness (e.g., 40 μm for PP and 30 μm 
for PS), heat transfer is assumed to occur by conduction only, the 
following equation being used: 

ρCp
∂T
dt

+∇⋅( − λ∇T) = Qtransfer (7) 

3.4. Shell governing equations

In the shell, mass transfer includes convection, diffusion, and the 
reaction of absorbed CO₂ with ILs. Therefore, the governing equation 
used to calculate the concentration variation of the species in the shell is 

presented below: 

∂cj

dt
+∇⋅

(
− Dj∇cj

)
+ u⋅∇cj = ±Rj (8) 

The reaction mechanism for CO2 capture with ILs has been studied 
extensively by Zareiekordshouli et al. [38]. Given the high IL concen
tration, the variation of the IL concentration due to the reaction with the 
absorbed CO2 is minimal, therefore the IL concentration around the gas- 
liquid interface remains constant. Allowing the use of a pseudo-first 
order reaction regarding CO2. The reaction rate is expressed using the 
following equation [38]: 

RCO2 = k0⋅cCO2 ,liq (9) 

The Arrhenius expression can be used to calculate the pseudo-first 
order reaction constant (k0) at different temperatures, considering the 
activation energy of 10.317 kJ/mol and the frequency factor of 1545 1/s 
for [emim][Ac] [38]. In the case of the CO2 reaction with [emim] 
[EtSO4], a reaction constant of 2.66 × 10− 3 1/s [39] at room tempera
ture was used.

The Henry's law is applied in order to calculate the solubility of CO2 
in the ILs. The Henry's coefficient for CO2 in the two ILs at different 
temperatures is calculated by applying the quadratic function presented 
in Eq. (10) [37], using the Ai coefficients for each IL, which are presented 
in Table 3. 

log(KH) = A0 +A1⋅
(

1
T

)

− A2⋅
(

1
T

)2

(10) 

The temperature changes of the liquid phase take into account, in 
addition to the conventional and conduction mechanisms, the heat of 
absorption, which is determined by the following equation: 

ρCp
∂T
dt

+ ρCpu⋅∇T+∇⋅( − λ∇T) = Qabsorption − Qtransfer (11) 

3.5. Physico-chemical properties

Table 3 shows the main equations used to calculate the physico- 
chemical properties of ILs and gas mixture.

The difference in CO2 concentration between the gas phase inlet and 
outlet is used to calculate the absorption efficiency of the process, using 

Fig. 4. Mesh sensitivity analysis.

Table 3 
Physico-chemical properties of ILs and gas mixture.

Parameter Unit Ref.

IL: [emim][Ac]
ρIL = 1280.8 – 0.608⋅T kg/m3

[40]
logμIL = − 1.657+

673.7
T − 196.1

mPa s

DCO2 − IL = 2.00⋅10− 3
(

T
μIL

)0.6
⋅v− 1.04

CO2

cm2/s [38]

Cp = 1.18717 + 0.00591⋅T kJ/(kg K)
[41]

λ = 0.27731 + 2.1846⋅10− 4⋅T W/(m K)
A0 = − 37.8926, A1 = 25839.17, A2 = − 4280352 [37]

IL: [emim][EtSO4]
ρIL = 1.2541 – 5.98⋅10− 4⋅(T – 273.15) g/m3

[42]
μIL = 5.68⋅10− 3 ⋅T0.5exp

(
945

T − 162

)
mPa s

DCO2 − IL = 6.7⋅10− 5⋅μ− 0.66
IL ⋅M− 0.89

IL ρ4.8
IL ⋅T− 3.3 cm2/s [37]

Cp = 5.827⋅102 – 6.161⋅104⋅T− 1 J/(mol K) [43]
λ = 0.195 – 3.35⋅10− 5⋅T W/(m K) [44]
A0 = 58.94063, A1 =− 35093.1, A2 = 5385315 [37]

Gas mixture
ρg =

∑
yi⋅ρi kg/m3 [45]

DCO2 − g = 1.38⋅10− 5⋅
(

T
273.15

)3/2
m2/s [46]
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the following equation: 

Absorption efficiency =
Cin

CO2
− Cout

CO2

Cin
CO2

⋅100 (12) 

4. Results and discussion

Using the HFMC characteristics listed in Table 1 and the operating 
conditions provided in Table 2, the mathematical models equations 
were implemented in COMSOL Multiphysics.

4.1. Validation of the model

The first step in the study involved validating the models. The CO2 
absorption efficiency under different scenarios was calculated using 
experimental [34,35] and simulation results for two ILs ([emim][Ac] 
and [emim][EtSO4]) and two HFMCs (PS and PP).

Figs. 5 and 6 illustrate the CO2 absorption efficiency profiles over 
time for [emim][Ac] with PS membranes, and [emim][EtSO4] with PP 
membranes, respectively. In the case of using [emim][Ac] with PS 
membranes (Fig. 5), the system reaches a steady state after approxi
mately 50 min, which corresponds to a total computational time of 
approximately 46 h, achieving an absorption efficiency of around 
33.5%. The simulation results closely matched the experimental data, 
with a coefficient of determination (R2) of 0.9844 and a root mean 
square error (RMSE) of 2.1479, indicating excellent accuracy.

Similarly, Fig. 6 shows the absorption efficiency over time for 
[emim][EtSO4] in a PP HFMC. In this case, the steady state is reached 
after approximately 70 min, with an absorption efficiency of about 30% 
at 291 K. Once again, the simulation results aligned closely with the 
experimental data, yielding an R2 of 0.9874 and a RMSE of 2.0619, 
confirming the model's reliability in representing the real process.

The absorption efficiency of CO2 at different temperatures using 
[emim][Ac] in both HFMCs (PS and PP) are also evaluated, as shown in 
Figs. 7 and 8. A strong correlation is observed between the experimental 
data and simulation results, with an R2 of 0.9208 and 0.9638, while the 
RMSE have values of 1.4657 and 1.7078, in all cases.

It has been reported that increasing the operating temperature leads 
to a reduction in CO2 solubility in ILs such as [emim][Ac], as noted by 
Sohaib et al. [37]. This phenomenon is consistent with the general 
behavior of physical absorption processes, where gas solubility typically 
decreases with temperature. However, the elevated temperature also 

contributes to a higher reaction rate between CO2 and the IL, which can 
compensate for the loss in solubility and even enhance the overall ab
sorption performance, as demonstrated by Zareiekordshouli et al. [38]. 
This combined effect is clearly reflected in the simulation results. Fig. 7
illustrates the CO2 absorption efficiency in the PS HFMC across a range 
of operating temperatures. As the temperature increases from 291 K to 
348 K, the steady-state absorption efficiency improves markedly—from 
approximately 28.4% to nearly 44.3%. This improvement can be 
attributed to enhanced mass transfer rates and the accelerated chemical 
reaction kinetics facilitated by the higher temperature. A similar trend is 
observed in Fig. 8, which presents the absorption performance of the PP 
HFMC using [emim][Ac] as the absorbent. In this case, raising the 
temperature from 290 K to 340 K leads to a substantial increase in CO2 
absorption efficiency, rising from 15.3% to approximately 41.6%. These 
findings underscore the dual influence of temperature on the CO2 ab
sorption process. While elevated temperatures generally lead to reduced 
gas solubility—particularly in physically driven systems—they also Fig. 5. CO2 absorption efficiency profile for [emim][Ac] in the PS HFMC at 

298 K.

Fig. 6. CO2 absorption efficiency profile for [emim][EtSO4] in the PP HFMC at 
291 K.

Fig. 7. CO2 absorption efficiency at different temperatures using [emim][Ac] 
in the PS HFMC.
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enhance the mass transfer coefficient and reaction kinetics, which can 
significantly benefit chemically reactive systems like those involving IL. 
It is important to note that temperature also affects other factors, such as 
viscosity and diffusivity. [emim][Ac] supports both physical and 
chemical absorption mechanisms, allowing it to maintain and even 
improve performance at higher temperatures. In contrast, ILs such as 
[emim][EtSO₄], which rely predominantly on physical absorption, ex
hibits minimal variation in mass transfer behavior with temperature 
[35]. Therefore, under the conditions studied, the positive impact of 
increased chemical reactivity and mass transfer outweighs the solubility 
loss, leading to an overall improvement in CO2 absorption efficiency.

As shown in Figs. 5 to 8, the mathematical models accurately reflect 
the CO2 capture process using [emim][Ac] and [emim][EtSO4] in PS 
and PP HFMCs over time and across various temperatures, ensuring the 
reliability of the simulation results presented in this study.

4.2. Velocity and pressure profiles

The cross-section velocity profile of the gas mixture inside the tubes 
is presented in Fig. 9. A maximum velocity of 1.56 cm/s is observed at 
the center of the tube, which gradually decreases radially outward. Due 

to the non-slip condition applied at the membrane walls, the velocity 
approaches zero at the boundary, where friction between the gas mol
ecules and the membrane surface is the highest. The average velocity of 
the gas mixture is approximately 0.76 cm/s, corresponding to a gas flow 
rate of 70 mL/min in the PS HFMC. In comparison, the gas mixture in PP 
module achieves an average velocity of 1.36 cm/s at the same gas flow 
rate of 70 mL/min.

The velocity profile of the IL is shown in Fig. 10, depicting a cross- 
section at the center of the liquid inlet port in the shell. Higher veloc
ities are observed in the middle of the inlet connector (right side of 
Fig. 10) due to its smaller diameter compared to the rest of the shell. The 
average velocity of the liquid at the shell inlet is 0.265 cm/s, corre
sponding to an IL flow rate of 50 mL/min.

The streamlines in Fig. 10 illustrate how the liquid flows across the 
membranes and fills the shell compartment. As the flow progresses from 
the inlet (right side of Fig. 10) to the opposite side (left side of Fig. 10), 
the velocity decreases due to pressure losses caused by friction with the 
membranes. However, the fluid preferentially follows paths of least 
resistance, leading to higher velocities in areas with greater spacing 
between membranes. This imperfect membrane arrangement within the 
shell results in velocity variations, as indicated by the lighter colors in 
Fig. 10, which correspond to regions of higher velocity. The 3D model 
effectively captures the overall fluid flow distribution throughout the 
shell compartment, providing valuable insights into its behavior.

The pressure drop in the shell compartment for the [emim][Ac] IL in 
the PS HFMC is shown in Fig. 11. CFD simulations estimate a pressure 
loss of approximately 97.8 Pa, which aligns closely with values calcu
lated using Ergun's equation. This pressure drop arises from friction with 
the membranes and shell walls, as well as flow geometry variations 
caused by changes in membrane spacing. These factors collectively 
contribute to the observed pressure loss.

4.3. Concentration profiles

Fig. 12 illustrates the CO2 concentration distribution within the gas 
mixture as it flows through the tubes and membranes of the PS mem
brane contactor module when using [emim][Ac]. During the absorption 
process, the CO2 concentration decreases progressively along the length 
of the membranes, starting at 5.66 × 10− 3 mol/L at the inlet and 
dropping to 3.42 × 10− 3 mol/L at the outlet.

The reaction of the absorbed CO2 with [emim][Ac] enhances the 
driving force for mass transfer, resulting in a steeper concentration 
gradient between the gas and liquid phases compared to physical ab
sorption alone. As the CO2 is absorbed and reacts with the IL, the solvent 
([emim][Ac]) concentration decreases by approximately 8%, as shown 
in Fig. 13.

At the beginning of the module (Fig. 13a, L = 0 cm), the [emim][Ac] 
concentration is nearly uniform in all directions, with a slight reduction 
observed at the far edge of the shell inlet. This reduction occurs in areas 
where fresh liquid has difficulty reaching. In regions with larger spacing 
between the membranes, the convective flow transports liquid more 
efficiently, leading to higher concentrations of [emim][Ac] (represented 
by darker colors in Fig. 13b–c).

In contrast, closer to the membranes, a greater proportion of IL reacts 
with the absorbed CO2, resulting in a lower [emim][Ac] concentration. 
This effect is amplified in areas where the flow velocity is slower, 
indicated by lighter colors. Toward the end of the module (Fig. 13d, L =
11.5 cm), the concentration of the IL undergoes a substantial decline. 
This phenomenon is primarily attributable to the predominant tendency 
of the liquid to follow pathways of minimal resistance toward the outlet, 
thereby leading to the development of a recirculation zone at the far end 
of the shell. In this region, the replenishment of fresh IL is minimal, 
while the older, already-reacted solution continues to absorb CO2, 
further depleting the available [emim][Ac]. Consequently, the lowest IL 
concentration is observed in the proximity of the module's outlet. The 
recirculation and uneven flow distribution are directly linked to the high 

Fig. 8. CO2 absorption efficiency at different temperatures using [emim][Ac] 
in the PP HFMC.

Fig. 9. Cross-sectional velocity profile of the gas mixture inside the tubes 
(PS module).
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viscosity of the IL, which impedes uniform flow and promotes the 
development of low-velocity regions or dead zones, particularly where 
convective mixing is limited. These findings underscore the critical ne
cessity to account for viscosity-induced flow behavior when designing 
the shell side and conducting CFD simulations of HFMC systems to 
ensure accurate prediction of performance and effective mitigation of 
mass transfer limitations. When comparing the efficiency of the two ILs, 
the [emim][Ac] showed better results considering the higher CO2 
solubility.

4.4. Variable gas flow rate

By levering the advantages of COMSOL Multiphysics, the system has 
been designed for different gas flow rates, as they significantly affect 
CO2 absorption efficiency in HFMCs. Fig. 14 illustrates this relationship. 
For both HFMCs, the absorption efficiency decreases as the gas flow rate 
increases. This decline is attributed to the reduced residence time of the 
gas phase within the membranes. The efficiency of using the two 
membrane types (PS and PP) with [emim][Ac] are assessed at various 
temperatures (i.e., 290 K, 300 K, 320 K, and 340 K). The gas flow rate is 
increased from 10 mL/min to 100 mL/min, which represents an increase 
in the gas velocity from 0.108 m/s to 1.08 m/s, in the case of PS module, 
and from 0.191 m/s to 1.91 m/s, in the case of PP HFMC, respectively. 
At a temperature of 340 K, increasing the gas flow rate from 10 to 100 
mL/min decreases the absorption efficiency from 96% to about 34.6% 
for the PS module and from 93.1% to about 30% for the PP HFMC. When 
the temperature is lowered to 290 K, the same increase in gas flow rate 
results in a decrease in absorption efficiency from 89.5% to approxi
mately 24.5% for the PS module and from approximately 70.8% to 
13.8% for the PP module.

4.5. Variable membrane length

The influence of membrane length on CO2 absorption efficiency is 
analyzed using [emim][Ac] IL. The two types of membranes (PS and PP) 
are evaluated at different temperatures (i.e., 290 K, 300 K, 315 K, and 
350 K). The absorption efficiency profiles for [emim][Ac] in PS and PP 
modules, at different temperatures and membrane lengths are presented 
in Figs. 15 and 16, respectively.

Increasing the membrane length enhances the mass transfer area 
between the two phases and extends the residence time of the fluids 
within the module. In the case of the PS module (Fig. 15), as the 
membrane length increases, CO2 absorption efficiency rises from 
approximately 18.5% at a membrane length of 0.173 m to nearly 87.5% 

Fig. 10. Velocity profile of [emim][Ac] IL at the shell inlet section (PS module).

Fig. 11. Pressure drop profile in the shell compartment for [emim][Ac] using the PS HFMC.

Fig. 12. CO2 concentration profile within the gas mixture, across tubes and 
membranes in the PS HFMC with [emim][Ac] at 323.15 K.
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at 1.73 m, when the absorption temperature is 300 K. The increase in 
temperature further improves the process efficiency for the same 
membrane length. At 350 K, the efficiency increases from 24.7% to 
approximately 94.4%. Additionally, simulation results indicate that at 
temperatures above 310 K, an absorption efficiency exceeding 90% can 
be achieved using a series of five PS HFMCs with a total length of 1.735 
m.

For the PP HFMCs, Fig. 16 shows the variation of absorption effi
ciency with membrane length at different temperatures when using 
[emim][Ac]. At 300 K, the absorption efficiency increases by 63.1% 
when the membrane length is increased tenfold. When the absorption 

temperature is increased to 350 K, the efficiency rises from 23.8% to 
approximately 93.8%, when the length is increased from 0.0575 m to 
0.575 m. Similarly, using a series of five PP HFMCs, an absorption ef
ficiency of over 90% can be achieved at a temperature higher than 320 
K.

4.6. Performance evaluation with shell baffles

Shell baffles are used to intensify the mixing of the liquid in the shell, 
leading to an increase in the absorption efficiency of the process by 
minimizing the IL that is simply carried along by the liquid through 

Fig. 13. [emim][Ac] concentration distribution in the shell of the PS HFMC at 323.15 K. (For interpretation of the references to color in this figure, the reader is 
referred to the web version of this article.)

Fig. 14. CO2 absorption efficiency at different gas flow rates and temperatures 
using [emim][Ac]. Fig. 15. CO2 absorption efficiency at different membrane lengths and tem

peratures using [emim][Ac] in the PS HFMC.
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convection. The shell-side bypass effect, observed in the classic mem
brane contactor [15], can be reduced by using shell baffles. As a result, 
the driving force of the process, the concentration gradient of CO2 be
tween the two phases, is increased. A graphical representation of the 
geometry implemented for the HFMC with shell baffles is represented in 
Fig. 17. The shell baffles also help stabilize the membranes, minimizing 
the risk of displacement caused by flow rate fluctuations and ensuring a 
consistent mass transfer area between the two phases.

Table 4 illustrates how different shell baffle configurations affect the 
absorption efficiency of CO2 and liquid pressure drop, in the case of 
[emim][Ac] IL in PS HFMC. The simulation results were also compared 
with the value obtained using the Delaware method for pressure drop in 
Type E shell with baffles [47]. The integration of shell baffles enhances 
the efficiency of the absorption process but comes at the cost of 
increased liquid pressure drop. This, in turn, results in higher energy 
consumption of the pump that transports the liquid. The effect of using a 
number of ten and twelve shell baffles at different heights (e.g., 0.5 × Ds, 
0.6 × Ds, and 0.7 × Ds, where Ds is the inside diameter of the shell), was 
investigated.

Compared with the classical geometry (without shell baffles), the use 
of ten baffles with a height half the shell diameter increases the ab
sorption efficiency by 2.2%. However, this improvement is accompanied 
by an increased liquid pressure drop from 97.9 Pa to about 197 Pa. Using 
more shell baffles (e.g., twelve), at a higher height (e.g., 70% of shell 
diameter) results in a further increase in efficiency. However, the 
pressure drop in the shell drastically increases to about 382.7 Pa, while 
the absorption efficiency reaches about 39.5%.

In addition to the pressure drop, the energy consumption of the 
pump required to overcome this resistance was also evaluated, as shown 
in the last column of Table 4. The data clearly show that higher pressure 
drops translate directly into increased pumping energy demand. For the 
base case without shell baffles, the energy consumption is relatively low, 
at 1.09 × 10− 4 W. When ten baffles at 0.5 × Dₛ are introduced, the 
energy consumption nearly doubles to 2.19 × 10− 4 W, in line with the 
rise in pressure drop. As baffle height and number increase, the energy 
consumption continues to rise. For instance, with ten baffles at 0.7 × Dₛ, 
the absorption efficiency increases to 38.4%, but the energy demand 
surges to 3.57 × 10− 4 W. Similarly, twelve baffles at 0.7 × Dₛ, which 
offer the highest efficiency at 39.5%, require the highest energy input, 
4.25 × 10− 4 W, nearly four times greater than the base case. This clearly 
demonstrates that the efficiency gains are achieved at the expense of 
operational energy cost. These findings highlight the importance of 
conducting a performance-energy trade-off analysis. While higher baffle 
numbers and heights enhance absorption, the associated rise in pressure 
drop (and hence energy consumption) may outweigh the benefits, 
especially in industrial large-scale or long-term operations. Therefore, 
optimizing the number and height of baffles is essential not only for 
maximizing absorption but also for ensuring the overall energy effi
ciency and economic feasibility of the HFMC system.

When increasing the baffle height from 0.6 × Dₛ to 0.7 × Dₛ while 
keeping the number of baffles at 10, the absorption efficiency improves 
slightly from 37.9% to 38.4%, an increase of just 0.5%. However, this 
marginal gain comes at the cost of a significant rise in energy con
sumption, which increases from 2.5 × 10− 4 W to 3.57 × 10− 4 W, rep
resenting nearly a 30% increase. Alternatively, increasing the number of 
baffles from 10 to 12 while maintaining a baffle height of 0.6 × Dₛ re
sults in a greater improvement in efficiency, from 37.9% to 38.6% (a 
gain of 0.7%) with a more moderate increase in energy consumption, 
from 2.51 × 10− 4 W to 2.98 × 10− 4 W, or about 16%. This comparison 
suggests that adding more baffles at a moderate height is a more 
favorable strategy than increasing the baffle height for the same number 
of baffles, as it yields a better efficiency-to-energy consumption trade- 
off.

Fig. 18 illustrates the distribution of liquid pressure drop across the 
shell for various numbers and heights of shell baffles. The inclusion of 
vertical baffles leads to a significant pressure drop after each baffle. 
Moreover, as the number and height of the baffles increase, the overall 
pressure drop rises.

Fig. 19 presents the liquid-phase concentration distribution of 
[emim][Ac] within the shell side of the HFMC equipped with vertical 
baffles. The figure reveals how the IL concentration evolves along the 
symmetry plane of the module, starting from the shell inlet (left) and 

Fig. 16. CO₂ absorption efficiency at different membrane lengths and tem
peratures using [emim][Ac] in the PP HFMC.

Fig. 17. Graphical representation of the HFMC with shell baffles.

Table 4 
Absorption efficiency and shell side pressure drop when using shell baffles.

Number 
of shell 
baffles

Height 
of shell 
baffles 
– hbaffle 

(m)

Absorption 
efficiency 
(%)

Shell side 
pressure 
drop 
simulation 
(Pa)

Shell side 
pressure 
drop – 
Delaware 
method 
(Pa)

Energy 
consumption 
of the pump ×
104 

(W)

0 0 35 97.8 112.2 1.09

10 0.5 ×
Ds

37.2 197 192.5 2.19

10 0.6 ×
Ds

37.9 225.9 218.5 2.51

10
0.7 ×
Ds

38.4 321.2 336.1 3.57

12
0.5 ×
Ds

38.1 232.6 239.3 2.58

12 0.6 ×
Ds

38.6 267.8 272.4 2.98

12 0.7 ×
Ds

39.5 382.7 387.4 4.25
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progressing toward the shell outlet (right). Unlike the classical HFMC 
configuration without baffles—where the concentration decreases 
smoothly and uniformly (as shown in Fig. 13)—the inclusion of baffles 
introduces distinct patterns and gradients in the concentration field. 
Specifically, the presence of shell-side baffles leads to periodic mixing 
and flow disturbances, which cause localized changes in the concen
tration distribution around each baffle. These flow pattern enhance 
radial and axial mixing, thereby improving mass transfer between the 
gas and liquid phases, resulting in an increase absorption efficiency 
(Table 4). This is evidenced by the alternating high and low concen
tration zones that develop around of each baffle structure. This spatial 
variation emphasizes the role of baffles in modifying the transport 
behavior within the shell side, not only promoting overall efficiency but 
also creating zones of varied concentration that are critical to under
standing and optimizing system performance.

5. Conclusions

This study integrates CFD-based mathematical modeling with prior 
experimental investigations to analyze the CO2 absorption process in 
HFMCs using ionic liquids (ILs). Two types of HFMCs (i.e., PS and PP) 
with two different ILs (i.e., [emim][Ac]) and [emim][EtSO4]) were used 
to study the efficiency of the CO2 absorption process. The CFD models 
were developed and implemented in COMSOL Multiphysics and vali
dated with experimental data obtained at the laboratory scale. The 
excellent correlation between the experimental data and the simulation 
results, with an R2 value higher than 0.9208 and RMSE lower than 
2.1479, confirmed that the models accurately represented the real 

process.
Due to its high CO2 solubility, the [emim][Ac] IL showed higher CO2 

absorption efficiencies compared to [emim][EtSO4]. The gas and liquid 
velocities, as well as concentration profiles, were determined, demon
strating the capability of detailed CFD modeling to calculate process 
parameters at any point within the system geometry. Furthermore, 
sensitivity analyses were performed to identify the absorption temper
ature and membrane length required to achieve an absorption efficiency 
greater than 90%. The results indicated that a series of five laboratory- 
scale membrane contactors is required, with an absorption temperature 
higher than 310 K when using PS HFMC, and 320 K for PP membranes, 
respectively.

The simulation results demonstrate that incorporating shell-side 
baffles in HFMCs enhances CO2 absorption efficiency, with improve
ments of up to 4.5 percentage points compared to the no-baffle config
uration. However, this gain is accompanied by a substantial increase in 
pressure drop (from 97.9 Pa to nearly 383 Pa), leading to a higher energy 
consumption for liquid pumping (from 1.09 × 10− 4 to 4.25 × 10− 4 W). A 
trade-off analysis revealed that increasing baffle height (e.g., from 0.6 ×
Dₛ to 0.7 × Dₛ), at the same number of baffles, results in marginal effi
ciency gains (0.5%) while causing a disproportionate rise in energy use 
(nearly 30%). In contrast, increasing the number of baffles (from 10 to 
12) at a moderate height (0.6 × Dₛ) achieves a slightly greater efficiency 
improvement with only a moderate increase in energy demand (~16%). 
These results indicate that increasing the number of shell baffles at a 
moderate height is a more effective approach than simply increasing the 
baffle height for a fixed number of baffles. This strategy offers a more 
favorable balance between absorption efficiency and energy 

Fig. 18. Liquid pressure drop in the shell of the HFMC with different shell baffles.

Fig. 19. Liquid concentration field of [emim][Ac] along the shell side of the HFMC with baffles.

A.-C. Bozonc et al.                                                                                                                                                                                                                             Chemical Engineering Journal 519 (2025) 165308 

11 



consumption, making it a more efficient and practical design choice for 
optimizing HFMC performance.

The findings presented in this manuscript are expected to support the 
scale-up of the entire post-combustion CO2 capture system based on 
membrane and IL technology toward commercial implementation. In 
addition, emerging research trends are centered on several critical areas: 
the development of cost-effective commercial membrane materials that 
enhance the durability of contactors and minimize the need for frequent 
maintenance or replacement; the design of novel absorbents that address 
thermodynamic limitations by combining high CO2 solubility and 
selectivity with low viscosity and cost; and the assessment of system 
performance under realistic industrial conditions—including gas 
composition, temperature, and pressure—across sectors such as energy, 
steel, chemical, cement, and petroleum refining.

Nomenclature

c Species concentration mol/m3

Cp Specific heat capacity J/(kg K)
di Inner membrane diameter m
do Outer membrane diameter m
Ds Shell inside diameter m
Dj Diffusion coefficient of specie j m2/s
hbaffle Height of shell baffles m
k0 Reaction constant 1/s
KH Henry's coefficient –
L Membranes length m
n Number of membranes –
P Pressure atm
RCO2 Reaction rate mol/(m3 s)
T Temperature K
u Fluid velocity m/s
Superscripts/subscripts
i gas and liquid phase
j system components
Greek letters
δmem Membrane thickness m
εmem Membrane porosity –
τmem Membrane tortuosity –
φmem Packing factor –
μ Dynamic viscosity Pa s
ρ Density Kg/m3

λ Thermal conductivity W/(m s)
Abbreviations
[emim][Ac] 1-Ethyl-3-methylimidazolium acetate
[emim][EtSO4] 1-Ethyl-3-methylimidazolium ethylsulfate
IL Ionic liquid
HFMC Hollow-fiber membrane contactor
PP Polypropylene
PS Polysulfone
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CO2 capture: a review of recent progress on membrane materials, operational 
challenges, scale-up and economics, Carbon Capture Sci. Technol. 10 (2024) 
100160, https://doi.org/10.1016/j.ccst.2023.100160.

[20] J. Palomar, J. Lemus, P. Navarro, C. Moya, R. Santiago, D. Hospital-Benito, 
E. Hernández, Process simulation and optimization on ionic liquids, Chem. Rev. 
124 (2024) 1649–1737, https://doi.org/10.1021/acs.chemrev.3c00512.
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